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The use of indicator organisms as a proxy for pathogenic bacteria significantly 
reduces the cost and complexity of monitoring aquatic systems. Fecal indicator bacteria, 
such as Escherichia coli and Enterococcus spp., are commonly used by governmental 
agencies in recreational beach monitoring, water and wastewater treatment, and more 
recently as a tool in ballast water management (IMO n.d).  
Indicator microorganisms are generally selected due to their (a) well established 
and cost-effective monitoring methods, (b) co-occurrence with other harmful pathogens, 
and (c) abundance being generally higher than specific pathogens (Grabow 1986). E. coli 
and Enterococcus spp. are bacteria that primarily live in the gastrointestinal tracts of 
warm-blooded animals and therefore are often used to indicate fecal contamination. 
While both genera contain pathogenic and non-pathogenic strains, it is not usually the 
indicators that pose a public health risk, but rather more dangerous pathogens that may 
also be present in fecal inputs. Due to their ability to survive in salt water, Enterococcus 
spp. are the recommended indicator organisms for saline and brackish waters while E. 
coli is more commonly used in freshwater monitoring systems (USEPA n.d.).  
Historically, the abundance of indicator bacteria has been determined through 
culture-based methods (USEPA 2014). Culture-based quantification involves transferring 
a water sample to a growth medium, incubating and counting the cultures (or colony 
forming units) that appear. Molecular methods, such as quantitative polymerase chain 
reactions (qPCR), can be used for the same purpose (to indicate and quantify fecal 
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contamination); however, the underlying concept is quite different. qPCR involves 
amplification of a DNA segment from a target organism and quantifying its relative 
abundance through the detection of a fluorescent signal directly proportional to the 
amplified DNA. While culturing involves the growth of actively reproducing bacteria, 
qPCR amplifies any target DNA present regardless of an organism’s viability. Because 
the techniques measure different metrics, the results of these two approaches may not 
always be correlated.  
There are benefits and challenges to both techniques. Cultivation is relatively 
simple, user-friendly, and measures actively growing cells, but only selects for media-
specific bacteria capable of growth on liquid or semi-solid media and can require long 
periods of incubation. Additionally, culture-based approaches can underestimate bacterial 
abundance as they do not account for cells that are viable, but non-culturable (VBNC) 
(Ahmed et al. 2015). This VBNC state is a microbial survival strategy which arises in 
response to environmental stress and adverse conditions. As their name implies, these 
cells are not able to be cultured, but they retain their viability and virulence. qPCR is 
more precise, can be designed to detect a wide range of target organisms, and easily 
paired with other molecular techniques like next generation sequencing (NGS). Both 
qPCR and NGS can have high startup costs, though, and do not indicate viability of the 
cells that contributed the target DNA. Some recreational monitoring programs have 
recently adopted qPCR over culturing because it can provide results within hours of 
sample collection (once laboratory protocol and infrastructure are in place) instead of 
requiring overnight culture incubation and therefore delayed advisories (Aw et al. 2019).  
3 
 
This research utilized molecular techniques to explore the use of indicator 
bacteria as a measure of water quality in two projects: (1) a bench-scale experiment to 
explore the effectiveness of ballast water treatment techniques in freshwater and (2) an 
investigation of sources of fecal contamination of the Skunk Creek watershed in Two 
Harbors, MN.  
The overarching objectives of this research were to (a) investigate the use of 
indicator bacteria (E. coli and Enterococcus sp.) as measures of water quality in ballast 
treatment systems and stream monitoring and (b) compare culture-based and molecular 
techniques as tools for bacterial monitoring. Both projects explored the relative 
abundance of indicator bacteria and overall bacterial community composition generated 
through molecular (qPCR and DNA sequencing) and culture-based methods (IDEXX 
QuantiTray). 
Ideally, the results of this research will inform future monitoring and treatment 
practices and subsequently benefit regional water quality. The goal of the ballast 
experiment was to provide information on whether established indicator bacteria are truly 
representative of other potentially harmful microbes, as well as the scale of post-
treatment microbial regrowth and, ultimately, reduce the risk of introducing harmful 
bacteria into local waterways. Identifying the source of elevated E. coli in Skunk Creek 
and Agate Bay should enable Lake County and the city of Two Harbors, MN to better 




Chapter 1: A Bench-scale Evaluation of Ballast Water Treatment 




Ballast water is a major vector for the spread of invasive species, and the Duluth-Superior 
Harbor (DSH) receives the most ballast water discharge of any port in the Laurentian Great 
Lakes. While most concern has focused on plant and animal invasive species, potentially 
harmful microbes have been largely overlooked. A bench-scale experiment was conducted to 
evaluate whether indicator bacteria are truly representative of other potential pathogens after 
ballast treatment, as well as the scale of post-treatment bacterial regrowth. Two common 
treatment techniques (UV light and chlorination) were performed on ambient water collected 
alongside a lake freighter in the DSH, half of which was spiked with indicator bacteria. 
Culture-based quantification, qPCR, and 16S rRNA amplicon sequencing were performed on 
samples immediately after treatment, as well as five days after treatment to check for 
bacterial regrowth. Both treatment techniques resulted in 99% reductions in culturable 
indicator and heterotrophic bacteria immediately following treatment (68-99% reductions 
when measured by qPCR). After 5 days, however, both lab and field incubations showed 
considerable regrowth of total bacteria (not reflected in indicators) and a distinct shift in 
bacterial community composition, including the regrowth of multiple pathogen containing 
genera (particularly Acinetobacter, Flavobacterium, Pseudomonas). These results can be 
used to inform ballast management decision makers as they assess the risks and treatment 





The rise in international trade over the past century has brought with it the 
introduction of many invasive species to the Great Lakes ecosystems. Ballast water has 
been identified as a primary vector for the spread of invasive species (EPA 2011). 
Duluth, Minnesota has been labeled an invasion “hotspot,” as it receives the most ballast 
discharge of any Great Lakes port (Duluth Seaway Port Authority n.d.). Each year, 
Duluth-Superior Harbor (DSH) supports an average of 900 visits from bulk cargo vessels. 
These visits include both “lakers,” which travel within the Great Lakes, and ocean vessels 
known as “salties.” Due to heavy shipping traffic and discharge within the DSH, many of 
the major Great Lakes invaders including gobies, ruffe, zebra mussels, and quagga 
mussels have been detected in the St. Louis River estuary ecosystem (Minnesota Sea 
Grant 2017). Much less is known about native or invasive microbial populations and 
communities in the DSH.  
Invasive microorganisms have been overlooked and understudied largely due to 
the challenges associated with detection and monitoring (Litchman 2010). While many 
microorganisms have a beneficial or neutral impact on humans and ecosystems, invasive 
and pathogenic microbes can pose a threat to ecological and human health. One example 
is the bacterial pathogen Piscirickettsia salmonis (known to cause “Muskie pox”) which 
infects Salmonid and muskellunge fish populations causing up to 90% mortality 
(Marshall et al. 1998). Though small in size, microorganisms can have large impacts. 
Despite the logistical difficulties, microbial populations should not be overlooked in 
ballast water monitoring and regulation. 
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It is impossible to completely prevent the transfer of microorganisms from place 
to place as they are ubiquitous. Therefore, the issue becomes establishing an acceptable 
standard to lower the risk of microbial species invasion and pathogen introduction. Many 
pathogens can be difficult and expensive to culture and monitor, and often have patchy 
distributions or low concentrations in natural waters (Field & Samadpour 2007). 
Currently, the solution involves using indicator bacteria. While the use of indicator 
microorganisms as proxies for potential pathogens significantly cuts down on the cost 
and complexity of monitoring an environment, more research is needed regarding 
whether selected organisms are effective indicators of potentially harmful and invasive 
microbes within ballast water communities.  
In 2004, the International Maritime Organization (IMO) adopted the International 
Convention for the Control and Management of Ships' Ballast Water and Sediments 
(BWM Convention). The BWM Convention requires that all ships implement a ballast 
water management (BWM) plan, carry a record book of all ballast activity, and adhere to 
the standards put forth in the Convention. Standard D-2 creates limits for “viable 
organisms” allowed in ballast discharge (including indicator bacteria). Standard D-3 
states that ballast management system requirements must comply with the Convention 
and be approved by the IMO. Though adopted in 2004, the BWM Convention became 
effective on September 8, 2017. To date, 80 countries have ratified the BWM Convention 
(IMO 2019). Canada acceded to the Convention in 2010; the United States has not.  
The United States Coast Guard (USCG) created the Ballast Water Management 
Act in 2005. One key difference between IMO and USCG regulations is that USCG 
7 
 
language limits the quantity of “living organisms” discharged in ballast water, rather than 
“viable organisms” as specified in IMO standards. The debate on the limits of “live” vs. 
“viable” microbes ended on November 27, 2018 with the passage of the Vessel Incidental 
Discharge Act (VIDA) within the USCG Authorization Act (EPA n.d.). This act was 
designed to reconcile the language between international, national and state-specific 
standards. This act included expanding the definition of “living” to exclude “nonviable” 
organisms. Because nonviable organisms are no longer considered to be live organisms, 
treatment methods that do not kill microorganisms, but render them incapable of 
reproduction, are acceptable techniques. VIDA also notably prohibits state and local 
authorities from enforcing and adopting regulations that differ from those of USCG. 
States are also prohibited from requiring permits for incidental discharge from small 
vessels (those less than 80 ft) and fishing vessels (of any length). While VIDA is largely 
considered a victory for maritime trade, regional opponents have demonstrated concern in 
treating the Great Lakes identical to all international seaways.  
The guidelines for ballast treatment of microbial communities are based on 
discharge standards of the indicator organisms: Escherichia coli, Enterococcus spp. and 
toxigenic Vibrio cholerae. According to national and international standards, the 
abundance of indicator bacteria may not exceed 1 colony forming unit (CFU) per 100 ml 
for Vibrio cholerae, 250 CFU per 100 ml for E. coli, and 100 CFU per 100 ml for 
intestinal enterococci.  
These indicator microorganisms are not always present in ballast water (Ng et al. 
2015). In 2011-2012, twenty-one ballast tanks were sampled in DSH, and DNA from the 
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Escherichia and Enterococcus genera were not detected in any of the tanks based on 16S 
rRNA sequencing data (Knack et al. in prep.). However, the absence of indicator bacteria 
does not necessarily mean that harmful microorganisms are not present. It is also unclear 
whether the fates of indicator bacteria are representative of the whole bacterial 
community, especially given different treatment techniques, ballast water chemistry and 
intake/discharge environments.  
Like the ships that contain them, ballast tanks come in all different styles, shapes 
and sizes and carry water from many different environments. Therefore, no one-size-fits-
all approach can be applied to ballast treatment. Ballast management can be shipboard or 
port-based; physical, chemical, or mechanical; and can occur at various points throughout 
the intake/discharge process (Tsolaki & Diamadopoulos 2010). Popular mechanical 
treatment options include the application of UV radiation, heat, and deoxygenation, while 
common chemical options include the addition of chlorine, biocides and ozone. Over 
48% of commercially available ballast treatment systems utilize UV radiation and 28% 
involve electrochemical treatment (Hess-Erga et al. 2019). Ballast water chemistry may 
have some impact on bacterial removal rate. For example, UV treatment on saltwater 
may be less effective as the scattering effect or light absorption by inorganic compounds 
may affect inactivation rates of the bacteria (Chen et al., 2016, Hess-Erga et al. 2019).  
Both UV and electro-chlorination have exhibited immediate reductions in 
cultivable bacteria of up to 99% (Waite et al. 2003, Hess-Erga et al. 2019). These 
removal rates (99% for UV and chlorination) were also seen in culture counts of a 
preliminary treatment experiment done with the Lake Superior Research Institute (LSRI) 
9 
 
in spring of 2018, using spiked water from the DSH (LSRI 2018). However, bacterial 
regrowth can occur within days after treatment, which re-establishes or exceeds the 
original densities and shifts community composition (Petersen et al. 2019, Hess-Erga et 
al. 2019, Waite et al. 2003). Post-treatment nutrient changes can also influence regrowth, 
as dead organisms can release dissolved organic carbon (DOC) which can stimulate the 
activity of remaining bacteria (Hess-Erga et al. 2010). A 2019 study by Petersen et al. 
(2019) concluded that original bacterial populations in ballast water, including indicators 
and potential pathogens, re-established under appropriate environmental conditions.  
Immediate microbial reductions become irrelevant if ballast water is treated at 
intake and undergoes multi-day holding time before discharge. It is worth noting that all 
treatment techniques show bacterial regrowth after a given time period, but the scale, 
timeline, and composition of this regrowth varies with treatment technique, original 
community composition and environmental factors (Grob and Pollet 2016). Further 
research is needed to monitor the extent of post-treatment bacterial regrowth, particularly 
in natural waters outside of the laboratory environment, to better understand the potential 
impacts of ballast discharge on natural ecosystems (Hess-Erga et al. 2019).  
In this project, ultraviolet (UV) radiation, chlorine, and control treatments were 
applied to ambient and FIB-spiked samples collected from DSH alongside an active and 
recently docked lake freighter. Culture-based and molecular techniques (qPCR and 
partial 16S rRNA gene sequencing analysis) were used to quantify indicator bacteria, E. 
coli and Enterococcus sp, in order to determine the removal of target species after each 
treatment. Samples were analyzed immediately after treatment, as well as five days after 
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treatment to check for bacterial regrowth. The relative abundances of indicator and 
pathogen-containing genera were also determined to evaluate whether bacterial genera 
harboring potential pathogens are removed similarly to indicator bacterial groups in each 
treatment.  
The objectives of this project were to (a) compare the removal of indicator 
bacteria determined by molecular (qPCR) and culture-based methods, (b) determine 
whether the removal of indicator bacteria is representative of the fate of other potentially 
pathogenic bacterial genera, and (c) detect the scope of bacterial regrowth within post-
treatment ballast water in the Duluth-Superior Harbor. 
Methods 
Field Sampling 
Water samples were collected by boat from alongside an active lake freighter at Canadian 
National/CD Duluth Dock (46.750261, -92.133328) in August 2019. Along with the four 
5-gallon carboys of surface water, general water quality data (i.e., water temperature, pH, 
dissolved oxygen [DO], water depth, secchi depth) were collected using a YSI EXO2 
multi-parameter sonde. Within an hour of collection, the water samples were transported 
in a chilled cooler to the Lake Superior Research Institute and divided into 1L 
subsamples for treatment.  
 
Sample Preparation and Treatment  
Half of the water samples were spiked with (60 µL of 6-hr log-phase culture per liter) of 
Escherichia coli (ATCC#25922) and Enterococcus faecium (ATCC#35667) (Fig. 1). 
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Spiked harbor water samples were included to ensure that accurate indicator removal 
could be determined, if indicator bacteria levels were low in the ambient (unaltered) 
water samples. Both ambient (unspiked) and indicator-spiked samples were treated with 
chlorine and UV.  
For the chlorine treatment samples, one liter of harbor water was used to 
determine the chlorine demand of this water prior to dosing. Chlorine demand was 
calculated by subtracting the total residual oxidant concentration from the initial chlorine 
dose (10mg/L) that was added to the samples and reacted with a DPD Total Chlorine 
Reagent Powder Pillow. Once the appropriate chlorine dose was calculated, fourteen 1 L 
samples (7 ambient replicates, 7 spiked replicates) were treated with a bleach solution 
equal to the chlorine demand of the water + 6 mg/L chlorine. After 30 minutes, the 
chlorine was neutralized with 45-75µl of 39% w/v sodium thiosulfate, depending on the 
total residual oxidant (TRO) concentration for each sample. The TRO was checked again 
following neutralization to ensure that it was effective (<0.021 mg/L). 
For the UV treatment, 980ml harbor water subsamples were evenly divided 
between fourteen quartz test tubes and treated with a UV radiation dose of approximately 
100 mJ/cm2 using a Rayonet™ Merry-Go-Round style reactor Model RPR-100; Southern 
New England Ultraviolet Company, Branford, Connecticut, USA. After treatment, a 
portion of the water from each treatment category was used to measure water quality 
parameters, including temperature, pH, DO, conductivity, percent transmittance, total 
non-purgeable organic carbon (NPOC) and dissolved organic carbon (DOC) (Table 2). 
DO was measured using a Hach LDO HQ30d DO meter; conductivity and temperature 
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with an Oakton Model CON 110 Conductivity/TDS/Temperature Meter; pH with an 
Orion 3 Star meter and Orion 8157BNUMD pH probe; percent transmittance with a Real 
UV254 P200 and Perkin Elmer Lambda 35 UV-Vis spectrophotometer; NPOC and DOC 
with a Shimadzu Model TOC-L Total Organic Carbon Analyzer. 
 
Figure 1. Experimental design of 2019 bench-scale ballast treatment experiment. Water samples 
were collected from Duluth-Superior Harbor from alongside an active lake freighter.  
 
Post-treatment Sample Processing   
Treated water samples were analyzed for abundance of indicator and heterotrophic 
bacteria, total prokaryotic cells and bacterial community composition. Culturable 
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indicator and heterotrophic bacteria were enumerated by IDEXX Colilert and Enterolert. 
Total prokaryotic cells were estimated using DAPI staining and epifluorescence 
microscopy (Porter and Feig, 1980). For DNA sequencing and qPCR analysis of indicator 
bacteria, approximately 500 ml of water was filtered through separate Durapore® 
membrane filters (47 mm diameter, 0.22 µm pore size) to harvest microbial cells. The 
volumes of water filtered were recorded. These filters were folded (to protect the surface 
contents), placed in sterile Whirlpak bags, and frozen at -80°C until DNA could be 
extracted.   
 
Regrowth Incubations 
To investigate bacterial regrowth after the UV and chlorine treatments, subsamples of 
post-treatment water from each treatment category were incubated for five days in 
laboratory and field settings. An incubation duration of five days was selected as past 
studies have exhibited major bacterial regrowth after approximately 3-7 days (Hess-Erga 
et al. 2010, Petersen et al. 2019). For the laboratory incubation, 500 ml replicates were 
aliquoted into Pyrex bottles and held in an incubator at 20°C, the temperature of the 
harbor surface water at the time of sampling. The bottles were loosely capped in order to 
allow for some air to enter. As a dark, closed system, the laboratory incubations served as 
a proxy for water held in a ballast tank. There were two types of field incubations: a 
dialysis bag field incubation and a Nalgene bottle field incubation. The dialysis bag 
incubation served as a proxy for the DSH receiving waters because dialysis bags (12-
14kD) allow for water and small ions, but not larger bacterial cells, to move 
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bidirectionally through the pores in the tubing. For these incubations, two 75 ml post-
treatment water from each treatment category were secured in dialysis tubing. To allow 
for water flow, but protect from physical disturbance, the dialysis bags were enclosed in 
sterile mesh bags and suspended within a cage of two plastic crates. The container was 
suspended off Montreal Pier (46.712267, -92.046820) 1 m below the surface of the DSH. 
The separate Nalgene bottle incubations also exposed the water samples to field light and 
temperature conditions and served as insurance in case dialysis tubing broke. The 
Nalgene incubations involved floating 500 ml post-treatment replicates off of a DSH pier 
1 m below the surface in transparent Nalgene containers. After 5 days, the post-treatment 
water samples from the lab and field incubations were processed for the quantification of 
culturable bacteria and microbial harvesting through filtration for the extraction of 
genomic DNA.  
 
Culture-based Quantification of Indicator Bacteria 
Staff members at the University of Wisconsin-Superior LSRI utilized most probable 
number (MPN) dilution-culture methods to quantify the following culturable bacteria. 
Total Coliforms and Escherichia coli used IDEXX Colilert and Quanti-tray/2000, and 
these trays were incubated at 35oC ± 0.5°C for 24-28 hrs prior to data collection. 
Enterococcus spp. used the IDEXX Enterolert and Quanti-tray/2000 and were incubated 
at 41oC ± 0.5°C for 24-28 hours. Heterotrophic bacteria counts were determined with the 
IDEXX HPC for Quanti-Tray and Quanti-tray/2000, and incubated at 36oC ± 0.5°C for 




Total Prokaryotic Direct Cell Counts  
Total prokaryotic cells were counted in subsamples of water from each treatment 
using 4′6‐diamidino‐2‐phenylindole (DAPI) staining and epifluorescence microscopy 
(Porter and Feig 1980). 10 ml of well-mixed water from each of three replicates (A, B, 
and C) for the UV, chlorine or regrowth treatments was placed into a liquid scintillation 
vial, preserved with 37% formaldehyde (1.8% final concentration), and then stored 
refrigerated (4°C) until cells could be counted (less than 2 weeks). Subsamples (0.2-0.5 
ml) from the first three replicates of each treatment (A, B, and C) were stained with DAPI 
and concentrated onto black polycarbonate filters (Poretics; 25 mm dia., 0.2 µm pore 
size). For each filter, prokaryotic cells were counted in 10 fields of view at 1,000X total 
magnification using a Nikon Eclipse 80i epifluorescence microscope with a wavelength 
of excitation at 365nm and emission at 418nm.  These cell counts along with dilution 
information were used to calculate total prokaryotic cell abundances (cells/ml) in each 
treatment subsample.   
 
 
DNA Extraction  
DNA was extracted from the Duropore filters containing microbial cells from the 
different treatments using the Modular DNA Extraction Protocol (from Levar et al. 2015 
as updated by C. Sheik and J. Knack 2018). Nuclease free water used in PCR reactions 
was filtered through a blank filter and DNA was extracted alongside the treatment 
samples to test for reagent contamination and serve as an extraction blank. DNA 
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concentrations were quantified using a NanoDrop spectrophotometer and Invitrogen™ 
Qubit Fluorometer (Thermo Fisher Scientific), and then frozen (-80°C) prior to qPCR 
reactions and Illumina sequencing.  
 
 
Quantitative PCR (qPCR) 
Bacterial standards were created for qPCR assays using the same E. coli and 
Enterococcus faecium stocks used to spike water samples. Bacterial cells were cultured 
according to ATCC propagation protocols for each strain, pelletized and rinsed 3x with 
sterile Phosphate Buffered Saline (PBS) and resuspended in 5mL of PBS (USEPA 2014) 
before DNA was extracted and quantified (as described above for water samples). Serial 
dilutions (10x) were performed to create DNA standard curves for each target species. 
The qPCR assay for E. coli involved the amplifying and detecting a specific region of the 
large subunit ribosomal ribonucleic acid (RNA) gene (lsrRNA, 23S rRNA) (USEPA 
2014). The concentration of gene copies per μl in the standard E. coli genomic DNA 
preparation were determined from the total DNA concentration and the following 
formula:  







7 𝑙𝑠𝑟𝑅𝑁𝐴 𝑔𝑒𝑛𝑒 𝑐𝑜𝑝𝑖𝑒𝑠 
𝑔𝑒𝑛𝑜𝑚𝑒
 
 This formula is based on the weight of a single E. coli genome (~5.06 fg) and the fact 
that there are seven lsrRNA gene copies per genome for E. coli (rRNA operon database: 
http://rrndb.cme.msu.edu) (EPA 2014). The same formula was used for Enterococcus 
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faecium except the genome size (2.8fg/genome) and lsrRNA gene copies (6 copies) was 
changed accordingly. 
Primers and probes for the qPCR analyses of E. coli and Enterococcus faecium 
are listed in Table 1. The E. coli primers (EC23S857) are well established and used in the 
EPA’s “Method C” protocol for quantifying E. coli using TaqMan® qPCR (Aw et al. 
2019). The primers and probe set for the Enterococcus faecium (Cium) qPCR assay have 
also been verified by past studies (Ryu et al. 2013, Gehring and Santo 2017, Kapoor et al. 
2015). Total bacteria were measured using a segment of the 16S rRNA gene (Nadkarni et 
al. 2002).  
 
Table 1. Primers, probes, and PCR conditions used in the qPCR analyses to determine the 
presence of indicator and total bacteria. BP refers to the length of the amplicons in number of 
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5' GGA CTA CCA 
GGG TAT CTA 
ATC CTG TT 3'  
5’ CGT ATT 
ACC GCG GCT 






et al. 2002 
 
Each qPCR reaction contained 10 μl BioRad iTaq Universal Probes Supermix 
(Bio-Rad, CA, USA), 1 μl of each 10 μM primer, 0.4 μl of probe, 2.6 μl nuclease-free 
water and 5 μl of DNA template for a final reaction volume of 20 μl per well. A standard 
curve was run alongside the samples. Extraction blanks and non-template PCR blanks 
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(nuclease free water) were also included on each qPCR microplate to serve as negative 
controls.  
The StepOnePlus thermocycler (ThermoFisher, MA, USA) program for E. coli 
was also based on EPA’s most recent draft of “Method” (Aw et al. 2019). Thermal 
cycling protocols were 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 sec 
followed by 56°C for 1 min. The amplification conditions were the same for 
Enterococcus faecium and total bacteria (16S rRNA), except for the annealing 
temperature which was set to 60 °C for 1 min.   
 
Data Analysis of Abundance 
Bacterial abundance results from molecular and culturable methods were used to 
calculate percent removal for each ballast treatment technique. Percent removal was 
calculated using the following equation (where is Ab is abundance before treatment and 
Aa is abundance after treatment): 
 
Percent removal = 
(𝐴𝑏−𝐴𝑎)
𝐴𝑏 
 × 100 
Removal and regrowth were analyzed using t-tests, analysis of variance 
(ANOVA) and Tukey’s post hoc comparison of means (Tukey’s HSD) statistical 
methods to determine whether observed differences were significant. The threshold of 




16S rRNA Sequencing and Bioinformatics 
To gain information about the bacterial community composition of each sample, 
extracted DNA was sent to the University of Minnesota Genomics Center (Minneapolis, 
MN, USA) for sequencing of the V4 region of 16S rRNA gene using an Illumina MiSeq 
Version 3 Chemistry DNA sequencer (Gohl et al. 2016, Hamilton et al. 2013, Schloss and 
Handelsman 2005).  The DNA was amplified using qPCR to control cycles and limit 
PCR chimera formation using a primer pair (Meta_V4_515F; 
5’GTGCCAGCMGCCGCGGTAA and Meta_V4_806R; 
5’GGACTACHVGGGTWTCTAAT). The amplified product was cleaned and the 
prepared library were sequenced.  
The 16S rRNA sequences were trimmed and aligned against the SILVA SSU 
rRNA database (v. 1.32) using mothur (v. 1.43.0)  and sequences were clustered into 
operational taxonomic units (OTUs) at a 97% similarity level using OptiClust. Taxonomy 
was assigned at the genus level using the same SILVA reference database. Sequence data 
was imported into R (v. 3.5.0) and analyzed using phyloseq and ALDEx2 packages 
(McMurdie and Holmes 2013). Rarefaction curves were calculated to quantify the 
completeness of sampling. Comparisons of bacterial constituents between treatments was 
determined by examining the numbers and types of OTUs. 
To analyze diversity, we scaled the OTU counts by bootstrapping counts of random 
samples drawn at the lowest read depth (30,323 reads) 100 times. These OTU counts 
were then used with scaled Shannon, Simpson and Chao1 diversity indices to calculate 
evenness and richness. Differences in community composition were visualized with a 
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phyloseq-based principal coordinate analysis (PCoA) using the Jaccard distance index 
(McMurdie and Holmes 2013). A permutational multivariate analysis of variance 
(PERMANOVA) through the Adonis function in R was used to statistically test the 
community differences between treatment groupings by comparing the centroid and 
dispersion of each cluster (Oksanen et al. 2011). The relative abundance of 136 bacterial 
pathogen-containing genera were compared in bacterial communities found in different 
UV, chlorine, and regrowth treatments.   
 
Results 
Water Quality Data 
The temperature, pH, dissolved oxygen and secchi depth of the water taken from the 
Duluth-Superior Harbor for the treatment and regrowth experiments were comparable to 
values previously reported for this estuary (GLMRI 2012). The water temperature at the 
sampling location (46.750261, -92.133328) was 20.7°C, DO was 8.55 mg/L, secchi depth 
was 0.69 meters and the water depth was 5.1 meters. The post treatment water quality 
parameters (Day 0) indicated that chlorinated samples had the highest conductivity, DOC 






Bacterial Abundance Before and After Treatment 
The concentration of culturable heterotrophic bacteria in the harbor water was 5.1 
× 104 MPN/100mL (±5,848 SEM) using the IDEXX HPC for Quanti-Tray system. After 
treatment with UV and chlorination, culture-based results revealed greater than a 99% 
reduction in all indicator bacteria (E. coli, Enterococcus sp., total coliforms and 
heterotrophic bacteria) in all samples (Fig. 2). Using qPCR, quantification of total 
bacteria in the untreated harbor water (culturable and nonculturable) was 5.3 × 108 16S 
rRNA copies per 100 mL.  The percent removal of E. coli gene copies in unspiked 
samples was 67.5% and 96.8%, respectively, for the UV and chlorine treatments, and 
91.8% and 99.9% in spiked samples (Table 3). Percent removal, as quantified by qPCR, 
was lower for the unspiked samples than for the more concentrated spiked samples. The 
samples treated with UV radiation, showed the largest difference between culture-based 
and qPCR quantification. Unpaired t-tests and Tukey’s comparison of means (Tukey’s 
HSD) were used to compare changes in bacterial abundance in untreated and treated 
samples for both the culturable and qPCR detection methods. These tests confirmed the 
removal of bacteria after treatment for both treatment techniques (p<0.0001) in both 
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spiked and unspiked samples. Total prokaryotic cell abundance of untreated harbor water 
using microscopy was 9.58× 108 cells per 100ml; however, results from a one-way 
ANOVA did not show a significant difference in the number of intact cells between 
treatment categories (F-stat=1.269, df=5, p=0.339).  
 
 
Figure 2. Log-scaled boxplots of culturable counts (MPN) of treatment-day samples for indicator 
and heterotrophic bacteria found in various treatments: E. coli (top left), Enterococcus sp. (top 
right), total coliform (bottom left) and heterotrophic bacteria (bottom right). Treatment categories 
included: no treatment (NT), UV light (UV), chlorine (CL), spiked no treatment (SNT), spiked-





Table 3. Percent removal (%) of indicator and total bacteria in different treatments, quantified 
through qPCR analysis and microscopy. Percent removal was calculated using the average 




To explore post-treatment bacterial regrowth, the bacterial populations of the 
laboratory and field incubations were quantified after five days. The total bacteria in 
spiked samples, as measured by 16S rRNA abundance, increased 4-6 orders of magnitude 
after the chlorine treatment, exceeding the original pre-treatment concentration (Fig. 3i). 
Spiked samples treated with UV light also showed an increase in total bacterial 16S 
rRNA gene copies by 3-4 orders of magnitude (Fig. 3h). There was no regrowth of E. coli 
cells after 5 days in the UV treatment (Fig. 3b), however, our results showed notable 
regrowth of E. coli (Fig. 3c) and total bacteria (3.i) in samples treated with chlorine. 
Specifically, E. coli abundance increased 2-4 orders of magnitude from the post-
treatment concentration values after the chlorine treatment (Fig. 3c). The abundances of 
Enterococcus sp. remained low after 5 days for both the UV and chlorine treatments 
indicating no cell regrowth (Fig 2e and f). E. coli (EC) and Enterococcus sp. (ENT) 
abundances in the untreated control (NT) decreased by 2-4 orders of magnitude after 5 
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days in each incubation environment, but the abundances of total bacteria (i.e., bacterial 
16S rRNA gene copies) were similar in the different incubation environments and as high 
as immediately after treatment (Fig. 3a, d, g).   
Considering differences in cell abundance between the different incubation 
environments, there were no differences in the abundance of total bacteria (Fig. 3h; 
ANOVA, F-stat=0.269, df=2, p=0.77) or E. coli (Fig, 3b; ANOVA, F-stat=3.088, df=2, 
p=0.063). The only significant difference in regrowth environment was the abundance of 
Enterococcus between the laboratory regrowth and the dialysis bag incubations (Fig. 3e; 




          Non-treated        UV-treated 
 
       Chlorine-treated 
  
Figure 3. Abundance of target bacteria in spiked samples determined by qPCR analysis. Log-
scaled abundance of E. coli (target gene copies/100 ml) (Figures 2a-c), log-scaled abundance of 
Enterococcus sp. (target gene copies/100ml) (Figures 2d-f), (c) log-scaled abundance of total 
bacteria (16S rRNA gene copies/100ml) (Figures 2g-i). Dashed line represents the median 
abundance immediately after treatment (Day 0). Day 5 regrowth samples include three incubation 
environments: lab incubation (RL), Nalgene field incubations (RF), dialysis bag field incubations 
(DB). Treatment categories include spiked non-treated samples (SNT), spiked and UV-treated 




Bacterial Diversity and Community Composition 
A mean of 2776 ± 390.5 OTUs were identified in the untreated water taken from the 
Duluth-Superior Harbor, with the classification to 110.6±3.8 orders and 20.3±0.6 phyla. 
Among all samples, 1.73% of sequence reads could not be classified to an order. The 
bacterial community composition of the untreated water sample was diversely comprised 
of members of the orders of Betaprotobacteriales (12% ) and  SAR11 group of marine 
alpha-proteobacteria (5.1 %) in the phylum Proteobacteria, Frankiales (11%) 
and Microtrichales (9.2%), in the phylum Actinobacteria, and Chitinophagales (5.3%), 
Sphingobacteriales (4.4%) and Flavobacteriales (3.3%) in the phylum Bacteroidetes (Fig. 
4).  All other orders accounted for a mean of < 49.7 % of sequence reads.  
The compositions of bacterial communities in untreated and UV-treated samples 
were similar at the end the initial treatment day (Day-0), while the communities in the 
chlorinated samples were noticeably different (Figs. 3 & 4). Both species richness and 
evenness of bacterial communities decreased after chlorine treatment (P < 0.001; Table 
5 and Fig. S3). An average of 685.3 ± 62.5 OTUs were identified among the chlorinated 
samples, along with lower Shannon indices (a measure of richness and evenness) and 
Simpson diversity indices decreased (p<0.001). This reduction in species diversity did 
not occur after the UV treatment (Table 5). After chlorination, the predominant remaining 
phyla were Planctomycetes, Cyanobacteria, and Proteobacteria (in descending order by 
relative abundance). The most prevalent phyla of the untreated and UV-treated samples 
were Proteobacteria, Actinobacteria, and Bacteroidetes.   
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Ordination of Jaccard distances by principal coordinate analysis (PCoA) revealed 
clustering by time after treatment (Day 0 vs. Day 5) and treatment type in both unspiked 
and spiked samples (Fig. 5).  The post-treatment communities from chlorinated samples 
were initially very different from those of the UV and non-treated samples. However, 
after five days, there was a distinct shift in the bacterial community composition (Fig. 5) 
in both unspiked and spiked samples. Specifically, after 5 days the phylum of 
Proteobacteria increased in the treated samples, particularly in those treated with chlorine 
(Fig. 4). The bacterial community compositions between the three regrowth environments 




Table 4. Diversity indices based on bacterial community partial 16S rDNA sequences for water in 
different treatments (NT, UV CL, SNT, SUV, and SCL) and regrowth incubation environments 
(RL, RF, and DB). Average and standard deviation of each metric across the replicates of each 
sample type.  
Sample Type Chao1   SD Shannon   SD Simpson   SD 
NT 1391.3 + 128.1 5.09 + 0.06 0.99 + 0.00 
UV 1317.6 + 173.5 5.07 + 0.12 0.98 + 0.00 
CL 622.1 + 158.7 3.41 + 0.48 0.89 + 0.07 
SNT 1242.8 + 69.1 5.03 + 0.00 0.98 + 0.00 
SUV 1331.0 + 101.0 4.89 + 0.08 0.98 + 0.00 
SCL 813.7 + 74.4 3.77 + 0.16 0.92 + 0.03 
RL-NT 1448.3 + 83.3 5.09 + 0.08 0.98 + 0.00 
RL-UV 710.5 + 98.3 3.18 + 0.55 0.89 + 0.05 
RL-CL 305.1 + 8.3 2.49 + 0.20 0.84 + 0.04 
RL-SNT 1556.0 + 163.5 4.96 + 0.05 0.98 + 0.00 
RL-SUV 543.4 + 0.0 2.99 + 0.00 0.91 + 0.00 
DB-SNT 1329.1 + 0.0 4.33 + 0.00 0.96 + 0.00 
DB-SUV 808.5 + 0.0 3.46 + 0.00 0.93 + 0.00 
DB-SCL 1013.9 + 0.0 2.87 + 0.00 0.90 + 0.00 
RF-NT 1236.0 + 146.0 4.97 + 0.12 0.98 + 0.00 
RF-UV 812.6 + 151.9 3.83 + 0.18 0.94 + 0.01 
RF-CL 431.3 + 253.1 2.73 + 1.06 0.86 + 0.11 
RF-SNT 1240.7 + 91.0 4.68 + 0.16 0.97 + 0.00 
RF-SUV 539.2 + 25.3 2.55 + 0.81 0.83 + 0.11 
RF-SCL 379.7 + 197.5 2.52 + 0.93 0.85 + 0.09 
          
          






Figure 4. Relative abundance (%) of partial 16S rRNA sequences from bacterial communities at 
the (a.) Phylum level and (b.) Order level. Same day treatment samples (Day 0) on the left include 
unspiked non-treated (NT), UV-treated (UV), and chlorine-treated (CL) samples, as well as their 
spiked counterparts (SNT, SUV, SCL). The regrowth samples (Day 5) on the right include 
samples from three different incubations: a lab incubation (RL), a field incubation in dialysis bags 







Figure 5. Principle Coordinate Analysis (PCoA) of partial 16S rRNA sequences from bacterial 
communities in (a.) unspiked and (b.) spiked dock water samples using the Jaccard distance 
index. The Day 0 samples are represented by + symbols while the Day 5 regrowth samples are 
represented by squares (lab incubation – RL), triangles (nalgene field incubations – RF) and 
circles (dialysis bag field incubations – DB). Treatment categories include non-treated samples 
(NT, SNT), chlorinated (CL, SCL), and UV-treated (UV, SUV). 
 
Pathogen Analysis 
At the end of the treatment day (Day 0) samples, members of pathogen-containing genera 
(PCGs) accounted for about 1% of the bacterial communities in all samples (unspiked, 
non-treated and treated samples (Fig 6). For spiked non-treated and spiked UV-treated 
samples, about 8% of the total sequences were contributed by PCGs (mostly the 
Enterococcus sp. and E. coli used to spike the samples). For samples treated with 
chlorine (both spiked and unspiked) PCGs accounted for 5-6% of all sequences. For 
chlorinated samples, sequences from the Legionella and Mycobacterium bacterial genera 
were the dominant sequences from PCGs.  
After five days, the relative abundances and varieties of PCGs within the bacterial 
communities had changed dramatically in all treatment groups compared to the initial 
31 
 
treatment day (Fig 6). The most dramatic shift in proportions occurred in the spiked 
chlorinated samples where the relative abundance of different PCGs increased from 5% 
to 60% after the 5-day laboratory incubation. The smallest shifts in the relative 
abundances of PCGs occurred in the non-treated samples. The primary PCGs in the 
regrowth samples were Flavobacterium, Acinetobacter, and Pseudomonas. The indicator 
bacteria in the spiked untreated samples disappeared almost completely (fell below 0.1% 
relative abundance) in the regrowth samples. These indicator bacteria did not regrow 







Treatment                                        
                                                        
Figure 6. Relative abundance of pathogen containing genera determined from 16S rRNA 
sequences in the different treatments at the conclusion of the removal experiment (lab – left of 
vertical dashed line), and in different conditions within various regrowth incubation environments 
at the end of the five-day regrowth experiment (lab and field results – right of vertical dashed 
line).  Dashed line separates samples from the different treatments at the end of the lab removal 
experiment (Day 0), on the left, from the samples from these water treatments in the three 
regrowth environments, on the right (Day 5). The regrowth experiment included water samples 
from three different types of incubation environments: a lab incubation (RL), a field incubation in 





 Overall, culture-based quantification, qPCR, and DNA sequencing demonstrated 
that both UV-radiation and chlorination effectively reduced indicator bacteria in the 
sample water. The differences in the percent removal results between each method of 
quantification (culture-based vs. molecular) likely reflect the differences between the 
variables quantified by each technique (live, culturable bacteria vs. amplifiable genetic 
information). The removal of E. coli and Enterococcus between the two techniques was 
more similar (and effective) for spiked samples than for the unspiked samples, which 
showed lower removal through qPCR (Table 3). The reduced efficacy may be related to 
the low initial abundance of indicator bacteria in the unspiked harbor water.  While 
culturable methods may be better for instances where quantifying live indicator bacteria 
with easy and established protocols is preferred, molecular methods are able to account 
for VBNC cells and can provide information on wider range of microbial organisms and 
potential pathogens. DAPI staining is helpful for visualizing bacterial cells, however, it 
did not reflect the post-treatment removal indicated by the other techniques. One possible 
reason for this is that DAPI has been found to bind to inactive bacterial cells without 
nucleotides known as “ghost cells” (Saby et al. 1997, Zweifel & Hagstrom 1995). 
Staining of “ghost cells” in treated samples would have resulted in an overestimate of 
prokaryotic cells and a reduction in the calculated removal rate.  
Despite the removal of over 99% of total bacteria seen in culturable and 
molecular methods (Fig. 2, Table 3), the composition of the bacterial communities in the 
non-treated and UV-treated samples was similar (Fig. 4). This result indicates 
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proportional disinfection across bacterial taxa when UV light is used as a disinfectant. 
Conversely, bacterial communities in the chlorinated samples were different from the 
non-treated samples, indicating that some bacterial taxa were more resistant to chlorine 
disinfection than other taxa. The genus Mycobacterium was one of the most prevalent 
PCGs in the chlorine-treated samples (Fig. 6) and this genus is known for its chlorine 
resistance. Strains of Mycobacterium avium have been found to be at least 500 times 
more resistant to chlorine than Escherichia coli (Taylor et al. 2000, Falkiham 2003). 
Planctomycetes and Cyanobacteria, the phyla with the largest relative abundance after 
chlorination (Fig. 4), also include representatives that have exhibited chlorine resistance 
(Pang et al. 2006).  
UV light deactivates cells through the accumulation of DNA damage, while 
chlorination breaks the chemical bonds in the molecules of cellular components (e.g. cell 
walls and membranes) (Byappanahalli 2012 et al.). Different bacteria have different 
cellular compositions that can influence their sensitivity to chlorine. For example, the cell 
walls of Mycobacterium contain a waxy substance which makes it more hydrophobic, a 
physical barrier which increases its chlorine resistance (Luo et al. 2021). These 
differences in cellular composition contribute to the disproportional effects of 
chlorination on different groups of bacteria.  
Bacterial regrowth can occur when bacteria that remain viable after treatment 
reproduce, when cells are resuscitated from a viable but nonculturable state, or when 
DNA damage is repaired (Wang et al. 2021). Presumably, the cellular debris of the killed 
bacteria may provide nutrient sources to stimulate the regrowth of other cells in the 
35 
 
communities after the UV and chlorine treatments in these experiments (Fig. 3), 
particularly members of the Psuedomonas and Actinobacteria genera (Fig. 6). In 
addition, enzymes released from the cells of dead microbes may partially degrade organic 
matter in water, thereby making it more bioavailable to the remaining bacteria (Hess-
Erga et al. 2019, Hess-Erga et al. 2010). We did not see major differences in DOC  
between treated and non-treated samples (Table 2); however other studies have shown 
dissolved organic carbon (DOC) spikes immediately after treatment which eventually 
stabilizes as the dissolved organic matters is used by opportunistic bacteria (Hess-Erga et 
al. 2010). Additionally, UV-radiation has been shown to photodegrade existing DOC 
increase its biolability and stimulate bacterial growth (Hendrika et al 2003).  
Some species in the Pseudomonas and Acinetobacter genera, the two PCGs with 
the largest relative abundance in the chlorinated samples, are chlorine resistant (Luo et al. 
2021). However, unlike the chlorine-resistant Mycobacterium, cells within the 
Pseudomonas and Acinetobacter genera are likely fast-growing r-strategists 
(opportunistic organisms that thrive in low competition environments) (Juteau et al. 1999, 
Andrews & Harris, 1986, Hess-Erga 2010). Organisms that thrive in more crowded 
environments with strong resource competition (K-strategists) may have been more 
abundant in the untreated control samples.  
The most specific taxonomic classification possible for the partial 16S rRNA 
sequence analysis used here was genus-level due to the high 16S rRNA gene similarity 
between closely related species. Therefore, the pathogenicity of the species and strains 
that occurred within the PCGs detected in these experiments could not be determined. 
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Both the Pseudomonas and Acinetobacter bacterial genera, however, contain 
opportunistic human pathogens and the Flavobacterium genus accounts for 13% of total 
bacterial fish pathogens (de Bentzmann & Plésiat 2011, Verma & Rathore 2015). 
Although these experiments demonstrated that some members of pathogen-containing 
genera can escape disinfection with UV light or chlorine, and even regrow and flourish 
after treatment, the public health and ecological risks of pathogen exposure via ballast 
discharge require further research.  
The dialysis bag field incubations provided insights about what bacterial 
community changes may occur after treated ballast water is discharged into freshwater 
harbors or estuaries. However, there are limitations to this proxy. First, the dialysis bag 
field incubations did not account for bacterial predation by other microorganisms.  
Second, while harbor water and ions outside the dialysis tubing were able to move into 
and out the dialysis bag, the bag volumes were small and diffusion rates were probably 
much slower than if there were no flow barrier. Despite these possible shortcomings, 
similar changes in bacterial communities were observed in the three incubation 
approaches despite differing environmental conditions (i.e., light and temperature 
regimes, physical disturbance, etc.). This similarity indicated that the two types of 
disinfection treatments and the duration of holding after treatment had greater influences 
on bacterial community compositions in this study.  
It is important to note differences in the application of treatment techniques that 
may be used in a shipboard setting. Despite the diversity in ballast management systems, 
chlorination is common and usually only applied once while UV-radiation treatments 
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often occur during both intake and discharge of ballast water. This double treatment 
provides any bacteria cells that may regrow with a second exposure immediately before 
entering the receiving waters (Petersen et al. 2019). Thus, the results reported here 
support the conclusion that the timing of disinfection plays a crucial role in bacterial 
abundance of post-treated ballast water. To maximize the impact of disinfection, 
treatment should occur just prior to discharge.  
 In conclusion, while current culture-based methods to detect indicator bacteria 
reduce the cost and complexity to monitor some potentially harmful bacteria in ballast 
treatment systems, caution should be used when making decisions based on these 
indicators or detection methods because the results reported here show that the fates of 
indicator bacteria do not necessarily represent those of other bacterial cells in some 
pathogen-containing genera. Both UV-treatment and chlorination resulted in >99% 
removal in culturable indicator bacteria immediately after treatment. However, each 
indicator responded differently to regrowth conditions with no regrowth in Enterococcus, 
moderate regrowth in E. coli for chlorine treated samples and major regrowth in total 
bacteria for both treatments. Five days after treatment, there was a shift in the overall 
bacterial community composition. This shift included regrowth of cells in genera that 
harbor pathogens (particularly the Acinetobacter, Flavobacterium, Pseudomonas genera). 
These shifts were seen in all regrowth samples and the type of regrowth incubation did 
not have a significant impact on the bacterial communities that developed within 5 days. 
These results can be used to inform ballast water bacterial monitoring techniques and 
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ballast management decision makers as they assess the risks and treatment options 




Chapter 2: Determination of Fecal Contamination in the Skunk 
Creek and Agate Bay Watersheds 
 
Summary 
Fecal contamination of Minnesota’s recreational beaches and waterways continues to be a 
widespread and pervasive problem. Skunk Creek, Burlington Bay and Agate Bay Beach in 
Two Harbors, MN are listed as “impaired” for the fecal indicator Escherichia coli, and 
recreational advisories are an issue of concern for both residents and tourists alike. This 
project aimed to differentiate between sources of fecal contamination within the Skunk Creek 
and Agate Bay watersheds in Two Harbors using culture-independent microbial source 
tracking methods, and to explore the relationships between elevated levels of E. coli and the 
ancillary water quality parameters along a watershed gradient. Water samples were collected 
from eight sites along the impaired waterways during base flow and storm events. The levels 
of E. coli were measured along with physicochemical water quality parameters. Potential 
fecal sources were determined using quantitative polymerase chain reaction (qPCR) analysis 
with human (HB and Lachno3) and avian biomarkers (GFD) and 16S rRNA sequencing in 
conjunction with the SourceTracker program. Our results identify hotspots and potential 
sources of fecal contamination, showing greater levels of human biomarkers in the Agate Bay 
watershed and a correlation between E. coli levels and turbidity in Skunk Creek. 
Additionally, levels of E. coli were correlated with stormwater events and turbidity, while 
human fecal sources appear to be site-specific and independent from storm events. These 
findings are beneficial in developing mitigation and management strategies to E. coli 






Fecal contamination is one of the leading causes of impairments for streams, 
rivers and estuaries across the United States (USEPA 2009). Each year, fecal 
contamination of recreational waterways results in approximately 90 million illnesses and 
economic costs of $2.2- $3.7 billion nationwide (DeFlorio-Barker et al. 2018). Those 
values do not account for tourism lost due to recreational beach closures and advisories. 
Traditional fecal indicator bacteria (FIB), like E. coli and Enterococcus, can denote the 
presence of fecal contamination, but cannot distinguish between sources (Feng et al. 
2018, Grabow 1986).  
Common sources of fecal material into environmental waterways include 
agricultural runoff, wildlife deposits, inadequate wastewater treatment, aging sewer 
infrastructure and faulty septic systems (Johnson et al. 2004, Okabe et al. 2007) 
Identifying the source(s) of contamination is important as the fecal source can influence 
the scale of associated public health risks. For example, high concentrations of indicator 
bacteria from human sewage generally pose a greater potential health risk than non-
human sources due to human-specific pathogens associated with sewage-impacted water 
(Soller et al. 2014). Therefore, identification of human fecal inputs is of particular interest 
regarding mitigation of public health risks.   
In addition to fecal inputs, it is important to note that E. coli can become 
naturalized in stream sediment, nearby soils, and periphyton communities (Ishii et al. 
2006, Ksoll et al. 2007). These naturalized populations have been documented in streams 
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and nearshore areas in the Lake Superior basin. Since naturalized E. coli are able to 
survive and reproduce in the environment, the presence of naturalized E. coli does not 
necessarily coincide with fecal contamination and its associated health risks, leading to 
erroneous advisories.  
Appropriate action cannot be taken to remediate fecal impairments if the origin of 
the problem is unknown. Microbial source tracking (MST) is a tool to trace the origin of 
fecal inputs using microbiological, genotypic, phenotypic, and chemical methods (Scott 
et al. 2002). The most common MST methods currently involve using host-specific 
molecular markers in qPCR which target the 16S rRNA gene of bacteria associated with 
the host’s gut microbiome (Feng et al. 2018, Green et al. 2012, Kildare et al. 2007). More 
recently, Next Generation Sequencing (NGS) has become a popular tool for MST (Brown 
et al. 2017). The SourceTracker program is a Bayesian approach to MST which utilizes 
NGS gene libraries to determine the proportional contributions of bacteria from a variety 
of sources to a given sink (McGhee et al. 2020).  
While large tributaries receive the most monitoring and regulatory attention due 
to their large hydraulic loads, small Great Lakes tributaries can have a disproportionately 
large impact for their size (Mooney et al. 2020). A study on the tributaries of Lake 
Michigan showed that small tributaries contributed outsized loads of bioavailable 
nutrients to the Great Lakes system (Mooney et al. 2020). In addition, the nutrients, 
sediment and fecal inputs that small tributaries convey tend to be retained along the shore 
because small tributaries lack the momentum of larger waterways (Rueda et al. 2007). 
These stream inputs may fuel coastal algal blooms and elevate public health risks on 
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recreational beaches when fecal contamination is present, which emphasizes the need to 
monitor small streams. Additionally, many MST studies have been performed in urban 
areas (Templar et al. 2016, Feng et al. 2018, Kapoor et al. 2015), however, fewer have 
been done in non-urban streams and watersheds. 
 The primary objectives of this study were to (a) understand spatial and temporal 
patterns of E. coli in a small, non-urban stream watershed, and (b) differentiate between 
sources of fecal contamination within the target watershed using library independent 
(molecular biomarkers) and library dependent (SourceTracker) microbial source tracking 
methods. Alongside these primary objectives, this study also explored the relationships 
between elevated E. coli abundance and physiochemical water quality parameters along a 
watershed gradient. In addition to helping identify sources and solutions for the 
watershed in this study, these findings can provide insight and a template for studies in 
other small, Great Lakes watersheds with fecal impairments.   
Methods  
Study Site  
Two Harbors, Minnesota is a small town (population 3,541) on the north shore of Lake 
Superior (US Census 2018) (Fig. 7). It includes two recreational beaches, Burlington 
Beach and Agate Bay Beach, both classified by the Minnesota Pollution Control Agency 
(MPCA) as “impaired” for E. coli (MPCA 2018). Skunk Creek, the 2.7-mile creek that 
flows through Two Harbors into Burlington Bay, is listed as impaired for both E. coli and 
turbidity (MPCA 2018). The Skunk Creek watershed includes 1,319 acres of forest 
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(43%), development (39%), pasture-land (9%), and wetland (2%). The relatively high 
frequency of beach advisories in Two Harbors is a point of concern for residents and 
summer visitors to the North Shore.  Due to E. coli and turbidity impairments, reports by 
the MPCA have recommended regular monitoring of streams and sewer outfalls upstream 
of the impaired locations to help identify the sources of contamination (MPCA 2018).  
 
Sample Collection  
Water samples were collected in duplicate from eight sites on five sampling dates (3 base 
flow periods, 2 storm-events) during summer 2019. Storm-event samples were taken 
within 24 hours of local rainfall greater than one inch (Fig. 7). Water temperature, 
dissolved oxygen (DO), conductivity and turbidity tube measurements were recorded in 






Figure 7. Map of the sampling locations in Two Harbors, MN. The upper left panel shows the 
geographic context of the study site along the North Shore of Lake Superior, the right panel 
shows all eight collection sites, and the lower left panel shows a close-up of the Agate Bay sites. 
Blue dots represent points in the Skunk Creek watershed while orange dots represent those in 
Agate Bay. Sites were sampled five times during summer 2019; three times during baseline 
conditions and twice within 24-hrs of a >1-inch rain event.  
 
Laboratory Processing and Analysis 
Water samples were immediately transported to the Natural Resources Research Institute 
(NRRI) where they were processed and prepared for molecular and water chemistry 
analyses. Fifty ml aliquots of raw sample were used for turbidity analysis performed with 
a Hach 2100 Series Laboratory Turbidimeter. Two-liter water samples were pre-filtered 
through a 70-micron mesh to remove large particles and debris. A 15 mL subsample of 
the mesh filtrate from each water sample was preserved in 0.5% HNO3 for cation analysis 
(Ca, Mg, Fe, and K) using atomic adsorption spectrometry (AAS) (Varian AA240FS). 
Other subsamples were taken for culture-based E. coli analysis using the IDEXX 
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Colilert/QuantiTray system at 1x and 10x dilution using sterile phosphate-buffered saline 
(PBS) for a higher detection limit. The remaining mesh filtrate was then filtered through 
5 um and 0.22 um nitrocellulose membranes (47 mm diameter) using vacuum filtration to 
collect microbial cells for molecular analysis. Filtered sample volumes were recorded and 
filters were placed in sterile Whirlpak bags, and frozen at -20°C until genomic materials 
were extracted. The filter heads and funnels were cleaned with a 10% bleach bath 
between samples. DNA extraction was performed using the MO BIO Laboratories 
PowerSoil DNA isolation kit using the instructions provided. Two milliliters of the 
filtrate were stored at 4°C for anion analysis (Cl-, SO4
-, NO3
-) via Ion Chromatography 
(Dionex ICS 2000 with AS40 autosampler) . 
 
Biomarker Analysis for Fecal Sources using qPCR 
Quantitative polymerase chain reaction (qPCR) analysis determined the contribution of 
human and waterfowl fecal sources of E. coli to Skunk Creek and Lake Superior by using 
host-specific biomarkers (primers and probes) of human and avian sources for different 
qPCR assays (Table 5). For our human biomarkers, an established and sensitive human 
Bacteroides assay (HB) was used in conjunction with a new Lachnospiraceae genetic 
marker (Lachno3) shown to be highly specific for human fecal pollution (Feng et al. 
2018). The avian biomarker GFD, which has been shown to be 100% avian-specific, 
occurs in geese, gulls, ducks and chickens (Green et al 2012). Standards for qPCR 
biomarkers were prepared using a wastewater effluent sample for the HB and Lachno3 
biomarkers and Canada Geese (Branta canadensis) feces for the GFD biomarker. Canada 
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Geese droppings were collected from Harborview Park in Superior, WI and DNA was 
extracted with MO BIO Laboratories PowerFecal® DNA Isolation Kit. Conventional 
PCR and gel electrophoresis were performed to verify the size of target DNA segment for 
each marker. The amplified gene fragment was purified using an UltraClean 96 PCR 
Cleanup Kit and then used to prepare biomarker standards through serial dilution. Nine 
standards were used to construct qPCR standard curves for each assay and run alongside 
the samples (amplification efficiency 91.6-99.3%).  
 
Table 5. Host-specific primers and probes for qPCR analyses of total bacteria (16S), and human 
(Lachno 3 and HB) and avian source (GFD) biomarkers of bacteria. 
Marker  Forward 
Primer 























Feng et al. 
2018 

























5' -GGA CTA CCA 
GGG TAT CTA ATC 
CTG TT- 3' 
5'- CGT ATT ACC GCG GCT 
GCT GGC AC- 3' 




The qPCR amplification program for all biomarkers included 1 cycle at 50°C for 
2 min, followed by 1 cycle at 95°C for 10 min and then 40 cycles of 95°C for 15 s, 
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followed by 1 min at the biomarker’s respective annealing temperature (64°C for 
Lachno3, 60°C for HB, 56°C for GFD and 60°C for 16S).  
 
Statistical Analysis 
Statistical analyses were performed using R software (version 3.5). T-tests, ANOVAs, 
correlation analysis and principal component analysis (PCA) were conducted to 
determine significant differences and help visualize the results. The threshold of 
significance for all analyses was α=0.05.  “Zero” values were set as one half of the 
detection limits for each instrument.  
 
NGS and SourceTracker 
DNA samples were sent to the University of Minnesota Genomics Center for partial 
sequencing of the V4 region of 16S rRNA gene using an Illumina MiSeq Version 3 
Chemistry DNA sequencer. The returned sequence data was cleaned, aligned and 
clustered at 97% similarity to the SILVA rRNA database (v 1.32) using mothur MiSeq 
pipeline. These partial 16S rRNA gene sequence data were then imported into R and 
analyzed as described in Chapter 1. A permutational multivariate analysis of variance 
(PERMANOVA) was used to test the community differences between watersheds and 
site types (Anderson 2001). Redundancy analysis was performed at the order level of 
bacterial taxa using water quality data and centered log ratio (CLR) transformed 16S 




Library-dependent MST Using SourceTracker 
Fecal taxonomic libraries were created using raw sequences of the V5-V6 region 
of the 16S rRNA gene from BioProject PRJNA377760 and BioProject PRJNA296920. 
The former sequences were collected from 209 fecal samples of 11 different animal 
species from northern Minnesota (Brown et al. 2017). The sequences were derived from a 
mixture of Illumina MiSeq and HiSeq sources and were assembled separately using 
Mothur (Schloss et al. 2009). Paired end sequences were trimmed to 150 bp and aligned 
with the SILVA ssRNA reference database (version 1.32, non-redundant). The latter 
sequences are three sources to model human fecal contamination were used. Human fecal 
samples were obtained from BioProject PRJNA296920, a study of the gut microbiomes 
of universal stool bank donors. Raw sequences of the V5-V6 region of the 16S rRNA 
gene were obtained from the Illumina Miseq platform (PE300). Twenty samples from 
distinct individuals were selected for use in this study. Paired end sequences were 
trimmed to 150 bp and aligned with the same SILVA ssRNA reference database. 
In Brown et al.’s study, wastewater treatment plant influent was used as a 
standard for a human fecal signal. This work selected two datasets of wastewater influent 
to compare to the model based on human stool. Raw sequences of the V4-V5 region of 
the 16S rRNA gene were obtained from BioProject PRJNA597057, a five-year time 
series analysis of 73 wastewater treatment plants across the United States. Twenty 
samples of wastewater influent from treatment plants in Minnesota, Wisconsin, and Iowa 
were selected for this study and aligned using the same mothur protocol as other datasets. 
In addition, raw sequences of the V3-V4 region of 16S rRNA gene taken from municipal 
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wastewater samples in St. Louis County, MN were used as local representatives of 
wastewater influent.  
Though the fecal libraries used in the SourceTracker analysis involved different 
hypervariable regions of the 16S rRNA gene, phylogenetic analyses of MiSeq V1–3, V3–
4, V4, and V5-V6 datasets have shown that the taxonomic profiles of microbial 
communities have remarkably similar, and ultimately comparable, patterns at the phylum, 
family, and genus levels (Whon et al. 2018, Rajeev et al. 2020). In order to overcome the 
different sequence depths for the samples in this study with the fecal taxonomic library, 
read counts of OTUs in sample sets and the fecal libraries were agglomerated by genus 
taxa assignment before rarefication to a common depth. Sequence reads that could not be 
classified to the bacterial genus level were not included in this section of analysis. 
16S rRNA gene sequence counts in the Agate Bay watershed were scaled to a 
minimum depth of 11,082 reads, covering 88% of unique bacterial genera in the sample 
set and 64% of unique genera in the fecal library. Sequence counts in the Skunk Creek 
watershed were scaled to a minimum depth of 12,353, covering 96% of unique bacterial 
genera in the sample set and 65% of unique genera in the fecal library. After unclassified 
genus level reads were dropped, the scaled read depths of Agate Bay and Skunk Creek 
sheds were reduced to 4,009 and 7,542 reads respectively.  
SourceTracker was used to estimate proportions of fecal contamination in each 
watershed sample set (Knights et al. 2011). Initial model fit was improved by dropping 
training samples with incorrect majority classification, meaning samples that contained 
an unknown proportion larger than 25% and samples that did not contain a majority 
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classification. To assess the most appropriate source of human fecal signal for further 
use, the contribution of human fecal material to wastewater influent samples was 
modeled in a separate SourceTracker analysis. Sequences from the stool bank and animal 
fecal training sets were used as sources and both wastewater treatment plant datasets 






Culture-based E. coli Abundance  
Culturable E. coli abundance ranged from below the detection limit to 8.0×103 MPN/100 
mL (Fig. 8a). E. coli levels in Skunk Creek’s upstream site (SCU), had the largest 
average E. coli abundances with large variance (2682.1 MPN ± 3720.2 SD), followed by 
the Agate Bay Stormwater outfall (ABS) and Skunk Creek Outlet (SCO) sites. The Agate 
Bay Wastewater outfall (ABW) had the lowest average culturable E. coli counts (10.7 
MPN ±11.1 SD) as the wastewater effluent was disinfected with chlorine during summer 
months (The State enforcement due to recreational water quality in Lake Superior). It is 
worth noting, that the E. coli counts for SCU only exceeded the state recreational 
standard (235 CFU/100 ml for an individual sample) during storm events, while E. coli 
abundance at the ABS and SCO sites exceeded this standard during both base flow and 
storm event samplings. The highest levels of culturable E. coli from the collection dates 
took place during the July storm event sampling. Considering all sites together, a paired, 
nested t-test demonstrated that E. coli abundance was significantly greater during storm 
event collection dates than for baseline collection dates (one-tailed p-value=0.028765, 
df=7, t=-2.27, Fig. 9). E. coli abundance was not significantly different between 
watersheds (t = -1.4047, df = 37, p-value = 0.1685), even though Skunk Creek had a 





Human and Avian Biomarkers 
Human biomarkers (HB and Lachno3) were most prevalent at the Agate Bay sites (Fig. 
8b, 8d). This trend was slightly more pronounced for the HB (t = 3.9163, df = 30, p-value 
= 0.0004803) than the Lachno3 biomarker (t = 1.7845, df = 13.102, p-value = 0.09751). 
A paired, nested t-test for all sampling locations showed average HB and Lachno3 copy 
numbers were similar between baseline and storm events (p=0.38 and 0.31 
respectively). The avian biomarker (GFD) was most prominent at upstream Skunk Creek 
sites (SCT, SCM and SCU) and the Agate Bay stormwater outfall (ABS; Fig. 8c), 
although the avian biomarker relative abundance was similar in these two watersheds (t = 
-1.1084, df = 30, p-value = 0.2765). Storm events did not significantly impact abundance 
of the avian biomarker.  
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Figure 8. Log-scaled boxplots of (a) culturable E. coli (MPN), (b) human biomarker HB, (c) 
human biomarker Lachno3, and (d) avian biomarker GFD (copy numbers per 100 mL) in water 
from sites in Agate Bay and Skunk Creek during summer 2019. Horizontal lines in the first graph 
represent the Minnesota Lake Superior beach monitoring program sample standards (based on 
EPA guidelines). The top line is the single-sample threshold (235 MPN/100 ml) and below it is 







Figure 9. Log-scaled boxplots of culturable E. coli (MPN) by sampling category (baseline vs. 
storm-event) in water from Agate Bay and Skunk Creek sample sites in Two Harbors, MN. 
 
Correlations Between Water Quality Parameters and Fecal Indicators  
Cation analyses indicated that the Agate Bay Wastewater outfall (ABW) had higher 
magnesium concentrations than the other sampling locations (p<0.05; Fig. 10). Average 
calcium concentrations were greater at stream sites than bay sites and average iron 
concentrations were greatest at upstream sites (SCU, SCT and SCM). The Agate Bay 
Wastewater outfall had the highest concentrations of anions (Cl-, SO4
-, NO3
-) distantly 
followed by the rest of the Agate Bay sites. Upstream sites had lower levels of dissolved 
oxygen, particularly the Skunk Creek Tributary. Principal component analysis revealed 
ABW to be the most distinct site based on measured water quality parameters (Fig. 10). 
A scatter plot matrix (SPLOM) with correlation coefficients and a Pearson’s correlation 
test (r = 0.53) showed turbidity and E. coli counts were correlated (t = 8.45, df = 37, p 
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<0.001). There was a positive relationship between turbidity and E. coli counts for the 
Skunk Creek sites (y = 24.493x + 132.93, R² = 0.8286, p= 6.88043E-10). 
 
  
Figure 10. Principal component analysis of water quality data from Agate Bay, 
Burlington Bay, and Skunk Creek in Two Harbors, MN. Vectors represent water quality 









Bacterial Community Composition with NGS Sequencing  
Between all environmental water samples, 69,425 OTUs were identified with the 
classification to 455 orders and 61 phyla. The bacterial communities of the samples were 
diversely comprised, but the most predominant order for all locations was 
Betaprotobacteriales (19.8±7.7%) from the phylum Proteobacteria. Among all samples, 
6.1% of sequence reads could not be classified to an order.  
Nearly all of the Lake Superior bay sites (ABB, ABS and BBB), had similar 
relative abundances of bacterial phyla (Fig. 12). Clustering of bacterial communities by 
site was confirmed by PCoA (Fig. 13) and PERMANOVA testing. Specifically, these 
analyses revealed significant clustering by watershed and site type (p< 0.001). These bay 
sites contained Chloroflexi and a higher proportion of Verromicrobia and Actinobacteria 
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compared to Skunk Creek stream sites. The Agate Bay Wastewater outfall had a greater 
proportion of Proteobacteria (the most of any of the project sites) and a notable presence 
of bacterial sequences from members of the Firmicutes and Espilonbacteria (unlike most 
of the other sites in Agate Bay). Like the Agate Bay Wastewater outfall site, the Agate 
Bay beach and stormwater outfall sites contained sequences from members of the 
Firmicutes bacterial phylum, while the Burlington Bay Beach site did not. Burlington 
Bay Beach had the largest relative abundance of sequences from the Cyanobacteria and 
Chloroflexi phyla of all the sampling sites. The Skunk Creek samples were distinguished 
by the presence of sequences from the Omnitrophicaeota phylum and a larger proportion 
of Patescibacteria phylum. The Skunk Creek sites also had the greatest amount of 
unclassified bacterial sequences.  
The analysis of sequences from bacterial taxa to known harbor pathogens showed 
that water from the Agate Bay sites had a distinctive presence of sequences from 
members of the Bacteriodes genus, while the Skunk Creek Sites did not (Fig. 14). 
Flavobacterium was the pathogen-containing genus with the highest relative abundance 
of sequences for all sites except the wastewater outfall. The Agate Bay sites along with 
the Skunk Creek tributary had a notable presence of sequences from the Pseudomonas 
genus. Water from the Lake Superior sites all contained sequences from the 
Mycobacterium bacterial genus. 
Redundancy analysis between the sequencing data and the water quality 
parameters showed that human biomarkers were associated with sequences from the 
Caulobacterales, Pirellulales, Rhodobacterales, Propionibacteriales, Leptospirales 
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bacterial orders (Fig. 15). Culturable E. coli and turbidity were correlated with bacterial 
16S rRNA gene sequences from members of the Candidatus Falkowbacteria, Babeliales, 
and Alteromonadales orders. 
 
 
Figure 12. Relative abundance of phyla in bacterial communities (greater than 2%) in water from 





Figure 13. Principal coordinate analysis (PcoA) of partial 16S rDNA sequences from bacterial 




Figure 14. The relative abundance of pathogen-containing genera determined by partial 16S 
rDNA sequences (in read count) at different sample sites in Agate Bay (AB), Burlington Bay 





Figure 15. Redundancy (RDA) analysis of water quality parameters and partial 16S rDNA 
sequences from bacteria in water from Agate Bay, Burlington Bay, and Skunk Creek. The vectors 
represent water quality parameters and the data points represent Order-level bacterial taxa. For 
the water quality parameters, GFD represents the gene copy numbers for the avian biomarker, EC 
represents the level of culturable E. coli (MPN), and Turb represents turbidity (NTU). Panel A is 
a close-up of the upper-right quadrant of the entire RDA plot (panel B).  
 
Library-dependent Fecal Signal in Watersheds 
Fecal samples from 209 sources and 12 vertebrates were used to estimate the proportions 
of contamination from different sources in water samples from Agate Bay and Skunk 
Creek-Burlington Bay. This analysis indicated bacterial communities at sites in Agate 
Bay had a larger fecal bacteria contribution than Skunk Creek-Burlington Bay, which 
showed very little (almost no) fecal influence when compared to the fecal library (Fig. 
16a and c). Of the fecal components in the Agate Bay samples, the largest identifiable 
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contribution was bacterial sequences from human bacterial sources, particularly during 
the June and early July collection dates (Fig. 15b). On those dates, a fecal signature from 
feline bacterial sources was the second most prevalent identifiable fecal bacterial source 
at the Agate Bay stormwater outfall site.  
An internal comparison of the 16S rRNA gene sequences was performed using 
upstream sites as sources and downstream sites as sinks. This analysis showed that the 
Skunk Creek Upstream site had a greater influence on downstream sites during baseline 
events and the Skunk Creek Tributary had a larger influence during or after rain events 





Figure 16. (a) Proportion of fecal contributions for all sampling locations in Two Harbors, MN 
(Agate Bay, Skunk Creek and Burlington Bay) generated through library-dependent 
SourceTracker analysis. (b) Close-up of fecal contributions in Agate Bay sampling locations with 
a y-axis range from 0.0-0.3 of the total proportion. (c) Close-up of fecal contributions in Skunk 




Figure 17. Proportions of fecal bacteria contributed from upstream sources from our internal 
SourceTracker analysis using the upstream Skunk Creek sites as sources and downstream 
locations as sinks. Water samples were collected during summer of 2019. Event sampling dates 
were 6/25 and 7/1 and baseline sampling dates were 7/1, 8/5, and 8/21. Upstream sites included 
Skunk Creek Upstream (SCU) and Skunk Creek Tributary (SCT) and downstream sites included 
Skunk Creek Midway (SCM), Skunk Creek Outlet (SCO) and Burlington Bay Beach (BBB). 
Green bars represented unknown sources (UNK), not linked to the source site inputs.  
 
Discussion 
The sources of fecal contamination were site-specific in this study. Both library- 
dependent and independent source tracking methods indicated a greater human influence 
at Agate Bay sites than Skunk Creek sites. In addition to the qPCR and SourceTracker 
results, the human influence on Agate Bay was further emphasized by sequencing data 
which showed Bacteroides and Prevotella (the two most prevalent Bacteroidetes genera 
in the human colon) as two pathogen-containing genera that distinguished Agate Bay 
from Skunk Creek sites (Fig. 13) (Ley 2016). The genetic information from treated 
wastewater (ABW) may account for a portion of the human genetic signature at the other 
Agate Bay sites. It does not, however, account for the exceedances in culturable E. coli or 
the days when the concentrations of human biomarkers in the Agate Bay stormwater 
outfall exceeded those from the wastewater outfall. While the specific inputs of the 
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human biomarkers are unknown, a sewer connection was detected and repaired upstream 
of the Agate Bay stormwater outfall soon after 2019 sampling ended. This connection 
may be partially responsible for the human inputs.  
The higher contribution of avian sources at the Skunk Creek Tributary site 
compared to Agate Bay sites was likely influenced by the retention pond immediately 
upstream of the sample site. The retention pond appears to be hospitable to a variety of 
waterfowl, so an avian influence at this location is not surprising. The SourceTracker 
analysis, however, did not indicate a significant fecal influence on any of the Skunk 
Creek sites. This result supports the idea that avian fecal bacteria influence at the 
tributary site was a relatively small component of the largely non-fecal bacterial 
community.  
If the spikes in culturable E. coli are not related to fecal inputs, one possible 
source could be naturalized E. coli populations within watersheds or streams (Ishii et al. 
2006, Ksoll et al. 2007). Water turbidity at the Skunk Creek sites was positively 
correlated with culturable E. coli abundance. This relationship is not new. A study of 
roadside ditches (Falbo et al. 2013) showed that turbidity and concentrations/loadings of 
total suspended solids (TSS) were strong predictors of E. coli concentrations/loadings. 
Thus, the same mechanisms that erode and transport soils, sediment, or periphyton may 
also erode and transport E. coli communities living in or attached to these habitats.   
There are a number of environmental factors that influence the occurrence and 
survival of E. coli in secondary, or extra-host, habitats (Petersen & Hubbart 2020). Soil 
65 
 
temperature is one factor, with E. coli growth increasing rapidly between 15° C and 37° 
C, suggesting that warmer months may see higher concentrations of E. coli in soils 
adjacent to streams (Ishii et al 2006). The greatest densities of soilborne E. coli in three 
Lake Superior watersheds were seen between June-October (Ishii et al. 2006), a 
timeframe that overlapped with the sampling period in this study. Dusek et al. (2018) also 
found increased prevalence of E. coli in forest habitats and areas in close proximity to 
forests. They suggested forests draining into streams could be contributing significant 
amounts of E. coli along with the suspended sediments in stormwater runoff. As the 
upstream portion of the Skunk Creek watershed is forested, this could be a contributor. 
Other fecal indicator bacteria, such as Enterococcus spp., have also been found to 
persistent in sediments and submerged aquatic vegetation (SAV) (Badgley et al. 2010). 
With this in mind, erosion and sediment control measures at key locations along the 
Skunk Creek could be beneficial to water quality in Burlington Bay.   
The correlation between storm events and increased culturable E. coli indicated 
stormwater as a transport mechanism, particularly in the Skunk Creek watershed. 
Preliminary Two Harbors monitoring data from 2018 also showed a link between 
precipitation and E. coli concentrations because 12 of the 15 highest E. coli 
concentrations in the stream water occurred within 24 hours of a storm event (LSSWCD 
unpublished data).  
Another key takeaway from this study is the importance of layering different 
analysis techniques to provide a fuller understanding of fecal sources. Based on the 
culturable E. coli indicator results, Skunk Creek’s upstream site was the season’s largest 
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source of fecal contamination. However, both the molecular biomarker and the 
SourceTracker approaches showed little genetic evidence of animal feces. The strong 
human influence at the Agate Bay stormwater outfall could have been dismissed as 
genetic material from the neighboring wastewater outfall, had there not been culturable E. 
coli data to distinguish the live sources unique to the stormwater outfall. Individually, 
each technique has strengths and limitations. Culture-based monitoring methods are user 
friendly and quantify live bacteria, but do not provide insight about the sources of 
contamination. Using qPCR with source-specific biomarkers provides information about 
potential sources, but can only evaluate one source at a time (though high-throughput, 
multiplexing technology like microfluidic qPCR could be a solution in that respect). 
Library-dependent methods like the SourceTracker program can analyze many sources 
simultaneously, but require proficiency in bioinformatics and programming languages. 
However, when all these techniques are used concurrently, they can complement each 
other to produce more complete and rigorous results. 
Fecal contamination of recreational waters is a public health issue (as recreators 
risk exposure to pathogens), an economic issue (impacting tourism, real estate and 
healthcare) and an ecological issue (as nutrient-rich fecal inputs can lead to 
eutrophication and other downstream environmental issues). In addition to the 
disproportionately large contribution of nutrients from small Great Lakes tributaries, 
which tend to retain their inputs along coastlines, this emphasizes the importance of 
monitoring small streams like Skunk Creek.  
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In conclusion, pairing culturable E. coli measurements with library-dependent and 
independent source tracking methods provided a more complete picture of the potential 
sources of fecal contamination in Agate Bay and Skunk Creek. Levels of E. coli were 
correlated with turbidity and stormwater events, while human fecal sources appear to be 
site-specific and independent of storm events. Despite high abundances of culturable E. 
coli, library-dependent source tracking methods showed that the Skunk Creek watershed 
did not have a signature of fecal bacteria. This finding indicates that resuspended or 
eroded naturalized E. coli populations rather than E. coli cells of fecal origin may be 
responsible for the high E. coli abundances observed after storm events in Skunk Creek. 
Together, these results should be helpful for developing source-specific mitigation and 
management strategies for E. coli impairments in these two Lake Superior watersheds. 
The techniques and outcomes of this study may also be applicable to other small Great 





These two research applications of indicator bacteria highlight the benefits and 
limitations of their use in water quality monitoring. The benefit of simplifying pathogen 
monitoring to a few select bacteria with simple and well-established monitoring 
techniques is obvious. However, if the indicator bacteria are not effectively indicating the 
level of pathogens present, they are not serving their purpose. The ballast experiment 
showed us that the abundance of E. coli and Enterococcus sp. does not necessarily reflect 
the abundance of other pathogen containing genera. If we were to have relied solely on 
our indicator bacteria, we would have assumed that post-treatment regrowth of potential 
pathogens did not occur, which was not the case. In the microbial source tracking project, 
using culturable E. coli helped to distinguish living bacteria from killed bacteria in Agate 
Bay, but was not indicative of fecal contamination in Skunk Creek. These projects 
demonstrate that we can use indicator bacteria as a starting point, but we should look 
further into bacterial communities before making important decisions. 
Both projects also reinforce the importance of layering multiple analysis 
techniques when using indicator bacteria. Culture-based methods, particularly the EPA 
approved IDEXX QuantiTray methodology, are a straightforward, user-friendly way to 
quantify live, culturable bacteria. However, they fail to account for viable but 
nonculturable bacteria which have the potential for reactivation and recovery. This can 
result in inaccurate quantification of bacterial regrowth and an overall underestimation of 
bacteria in a given sample. Molecular tools enable us to test for a wider range of 
organisms, but cannot necessarily distinguish between genetic material from living vs. 
69 
 
nonliving organisms. Molecular tools are also quickly evolving. Conventional qPCR, like 
the qPCR performed in these studies, can only quantify one target gene at a time. 
However, newer multiplexing techniques, like microfluidic qPCR are able to 
simultaneously quantify multiple pathogens alongside indicator bacteria. Overall, 
indicator bacteria are an imperfect monitoring tool, but their use can be strengthened by 
pairing traditional culture-based methods with complementary molecular techniques to 
provide a more comprehensive understanding of microbial communities in ballast 
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Figure S1. Abundance of target bacteria determined by culture-based analysis. (a) Log-scaled 
abundance of Enterococcus sp. (MPN), (b) log-scaled abundance of E. coli (MPN), and (c) log-
scaled abundance of total heterotrophic bacteria (MPN). An asterisk below the treatment type 
indicates that the sample reached the maximum limit of detection for its dilution factor and is 












Table S1. Water quality measurements from sites in Agate Bay and Skunk Creek during summer 2019. Each value is the average of duplicate samples     
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Figure S2. Model validation for the SourceTracker analysis. Training samples and Matthew’s Correlation Coeficients (MCC) for a.) Agate Bay 
and b.) Skunk Creek samples.  
